The factors that promote the differentiation of pathogenic T cells in autoimmune diseases are poorly defined. Use of genetically modified mice has provided insight into molecules necessary for the development of autoimmunity, but the sum of the data has led to contradictory observations based on what is currently known about specific molecules in specific signaling pathways. To define the minimum signals required for development of encephalitogenic T cells that cause CNS autoimmunity, myelin-specific T cells were differentiated with various cytokine cocktails, and pathogenicity was determined by transfer into mice. IL-6+IL-23 or IL-12+IL-23 generated encephalitogenic T cells and recapitulated the essential cytokine signals provided by antigen-presenting cells, and both IL-6 and IL-12 induced IL-23 receptor expression on both mouse and human naive T cells. IL-23 signaled through both STAT3 and STAT4, and disruption in STAT4 signaling impaired CNS autoimmunity independent of IL-12. These data explain why IL-12-deficient mice develop CNS autoimmunity, while STAT4-deficient mice are resistant. CD4 + memory T cells from multiple sclerosis patients had significantly higher levels of p-STAT3/p-STAT4, and p-STAT3/p-STAT4 heterodimers were observed upon IL-23 signaling, suggesting that p-STAT3/p-STAT4 induced by IL-23 signaling orchestrate the generation of pathogenic T cells in CNS autoimmunity, regardless of Th1 or Th17 phenotype.
Introduction
While the cause of multiple sclerosis (MS) remains unknown, it is thought to be mediated by myelin-reactive CD4 + T cells (1) . However, not all myelin-reactive T cells are encephalitogenic, illustrating that myelin specificity is not sufficient for T cells to cause MS. In fact, the frequencies of myelin-reactive T cells in the periphery are comparable between MS patients and healthy individuals, but these T cells have an effector phenotype in patients with MS (2-4), indicating that these T cells have previously encountered antigen (Ag) and gained encephalitogenicity. During primary differentiation in the periphery, antigen-presenting cells (APC) present Ag and secrete cytokines that provide unique microenvironments for naive T cells and initially decide the fate of T cell phenotypes.
Both Th1-and Th17-mediated pathogenic mechanisms have been proposed in MS (5) . In experimental autoimmune encephalomyelitis (EAE), an animal model of MS, Th1 cells were initially found capable of inducing disease by adoptive transfer studies (6) (7) (8) (9) , suggesting a dominant role of Th1-mediated pathogenesis. The observation that myelin-reactive T cells in MS patients frequently had a Th1 phenotype (1, (10) (11) (12) (13) led to significant efforts investigating the therapeutic potential of Th1-associated molecules. The experiments on systemic neutralization or genetic deletion of IFN-γ showed that this Th1 signature cytokine was not required for EAE induction (2) (3) (4) (14) (15) (16) (17) . Despite the crucial role of IL-12 in promoting Th1 differentiation, deletion of the IL-12-specific subunit (IL-12-p35) in mice did not ameliorate EAE susceptibility (5, 18, 19) . In contrast, loss of STAT4, which transduces signals distal to the IL-12 receptor, made mice resistant to EAE (6) (7) (8) (9) 20) . This suggested that STAT4 was associated with encephalitogenicity independent of IL-12 signaling. More recently, IL-23, a cytokine sharing the IL-12p40 molecule with IL-12, was identified as an absolutely required element in EAE development (21) . IL-23 expanded the
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IL-17-producing subset, and transferring IL-23-treated myelin-specific Th17 cells induced EAE, revealing another pathogenic mechanism in CNS autoimmunity mediated by Th17 cells (22) . IL-17 transcripts and proteins were found to be present in MS lesions (23, 24) . However, IL-17 was shown to be nonessential for EAE development (25, 26) , indicating this Th17 signature cytokine is also not a critical element of an encephalitogenic T cell, similar to IFN-γ. IL-6 has been shown to be a critical cytokine in Th17 differentiation (27) (28) (29) . Moreover, loss of IL-6 or its downstream signaling molecule, STAT3, protected mice from developing EAE (30, 31) . Although TGF-β plus IL-6 drove Th17 differentiation efficiently in vitro, these cells failed to transfer EAE. We and others have shown that myelin-reactive Th17 generated with IL-6 in the absence of Th1/Th2 differentiation cytokines are highly encephalitogenic (32) (33) (34) (35) . These data further confirmed that signaling components of the Th17 differentiation pathway determined the encephalitogenicity of Th17 cells but not IL-17 production itself. Thus, the factors that are required to generate encephalitogenic CD4 + T cells are still poorly understood. It is still unclear why loss of a molecule in the Th1 differentiation pathway, such as STAT4, would negate the encephalitogenicity of Th17 cells if Th1 and Th17 cells have mutually exclusive differentiation pathways. One possibility is that there may be shared determinants of encephalitogenicity between Th1 and Th17 cells. Instead of targeting specific T helper-associated molecules and then investigating its impact on encephalitogenicity, we focused on what signals make T cells encephalitogenic, regardless of T helper phenotype.
Results

Contribution of APCs to the development of encephalitogenic T cells.
Although the lineage-defining cytokines IFN-γ and IL-17 are not required for EAE development (18, 19, 25, 26) , it is clear that specific factors present during T cell differentiation promote the development of encephalitogenic T cells. To determine if APC-produced cytokines are critical to the development of encephalitogenic T cells, TCR Tg myelin-specific CD4 + T cells were activated with either APC/Ag or anti-CD3/CD28 to mimic APC activation and transferred to naive recipients. Mice receiving APC/Ag-activated myelin basic protein-specific (MBP-specific) cells developed EAE, while mice that received anti-CD3/CD28-activated MBP-specific cells did not ( Figure 1A ). T cells activated with APC/Ag or anti-CD3/CD28 proliferated equally and expressed comparable levels of the activation marker CD44 (data not shown). This result illustrated that APCs provided a critical third signal essential for the development of encephalitogenic T cells.
Prior to adoptive transfer, cytokine expression of the CD4 + T cells was determined. There were only modest amounts of IFN-γ and IL-17 detected in the supernatants, with APC/Ag-activated T cell cultures having slightly higher levels compared with anti-CD3/CD28-activated cells ( Figure 1B) . GM-CSF, a proinflammatory cytokine produced by encephalitogenic T cells (36) (37) (38) (39) , was produced in comparable amounts, irrespective of activation method ( Figure 1B) .
Defining the minimum cytokines that can recapitulate the signal provided by APCs to generate encephalitogenic T cells. In order to identify what cytokines function as the third signal that promotes the encephalitogenicity of T cells, an in vitro culture system was used to recapitulate the microenvironment provided from APCs to T cells. Initially, splenocytes from naive MBP-specific TCR Tg mice were stimulated with anti-CD3/CD28 in the presence of various cytokines that had previously been shown to play a role in the differentiation of Th1  and Th17 cells -including IL-1β, IL-6, IL-12, IL-18, IL-23, IL-27 , IFN-γ, and TGF-β -and transferred
Figure 1. MBP-specific T cells activated with anti-CD3/28 fail to induce EAE.
Splenocytes from naive Vα2.3/Vβ8.2 TCR Tg mice were activated in vitro with anti-CD3/CD28 or myelin basic protein Ac1-11 peptide (MBP Ac1-11) for 3 days. (A) Cells were collected and adoptively transferred into B10.PL mice (10 × 10 6 cells per mouse). Number of mice that had clinical sign/total number of mice in each group in this representative experiment was shown as follows: anti-CD3/ CD28 (0/7) and APC/Ag (9/9). (B) Supernatants were analyzed by ELISA for IFN-γ, IL-17A, and GM-CSF. Data is representative of 3 independent experiments (mean ± SEM). **P < 0.001 (Student's t test).
into WT recipients. The incidence and/or severity of EAE were low with all T cells cultured with individual cytokines (Table 1, Figure 2A , and Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/ jci.insight.91663DS1). In contrast, differentiation with IL-6+IL-23 or IL-12+IL-23 consistently generated highly encephalitogenic cells. Figure 2A shows a representative experiment using whole splenocyte cultures, comparing IL-6, IL-23, and the combination of IL-6+IL- 23 Figure 2B ). Although both IL-6 and IL-23 have been shown to be essential for EAE (21, 30) , individually, neither of these cytokines could efficiently generate encephalitogenic T cells. In contrast, MBP-specific T cells that were activated with the combination of IL-6+IL-23 induced EAE similar to APC/Ag-stimulated CD4 + T cells, suggesting IL-6 and IL-23 synergistically promoted the encephalitogenicity in T cells. IL-12 is not required for EAE development (18, 19) , and IL-12-activated MBP-specific T cells were less encephalitogenic (Table 1, Figure 2B , and Supplemental Figure 1) . Surprisingly, the combination of IL-12+IL-23 also recapitulated the third signal that generated highly encephalitogenic T cells. This result indicated a synergistic mechanism between IL-12 and IL-23 in promoting encephalitogenicity, even though these two cytokines were previously thought to regulate distinct T cell differentiation pathways.
IL-6 and IL-12 initiate the expression of IL-23R on naive T cells.
Despite the fact that IL-23 can expand the pathogenic population in T effector cells (22) , naive T cells respond poorly to IL-23 due to limited expression of the receptor for IL-23 (40) . It had previously been demonstrated that IL-6 enhanced IL-23 receptor (IL-23R) mRNA levels (41, 42) , and thus, it is logical that naive T cells differentiated with IL-6 would be responsive to IL-23. However, it was not clear why naive T cells differentiated with IL-12 would be responsive to IL-23. We hypothesized that both IL-6 and IL-12 induced IL-23R expression on naive T cells. To test this hypothesis, naive MBP-specific TCR Tg T cells were activated with anti-CD3/CD28 in the presence IL-23, IL-6, and/or IL-12 and were analyzed by flow cytometry. As expected, the percentage of IL-23R + cells in the IL-23-only condition was very low but increased in IL-6 and IL-12 conditions ( Figure 2C ). Moreover, there were substantially distinct IL-23R + populations in IL-6+IL-23 condition and IL-12+IL-23 condition. The levels of IL-23R positively correlated with the encephalitogenicity of T cells generated with different conditions. To confirm the flow cytometric data, the mRNA level of IL-23R was measured. Naive CD4 + T cells from WT mice were stimulated with combinations of IL-23, IL-6, and IL-12 in an APC-free system, consisting of anti-CD3/CD28 without feeder cells. The level of IL-23R was significantly increased in IL-6 and IL-12 conditions compared with the IL-23 condition, which was enhanced with the addition of IL-23 ( Figure 2D) .
Analysis of the Th1 and Th17 cell signature cytokines found that T cells activated with IL-23 only had minimal cytokine production by both ELISA and intracellular cytokine staining (data not shown). CD4 + T cells differentiated with IL-12 or IL-12+IL-23 produced high levels of IFN-γ and low levels of IL-17 The maximum clinical score from each mouse in each group was averaged. The mean maximum clinical scores of each group were compared with the mean maximum clinical score of the mice that received antigen/APC-activated CD4 T cells (last row). C P < 0.05.
in the presence of IL-23 ( Figure 2 , E and F). Consistent with its profound effect in promoting IL-17 production that has been previously reported (43) , addition of IL-23 in the presence of IL-6 enhanced IL-17 production ( Figure 2F ). These data suggested that IL-23R expression was not restricted to Th17 cells and both IL-6 and IL-12 were capable of inducing IL-23R expression. Neither the number of cells producing a particular cytokine, nor the level of a particular cytokine -including GM-CSF (data not shown) -were associated with the ability of the specific T cells populations to induce EAE. T cell proliferation was not influenced by the addition of IL-23 ( Figure 2G ), suggesting that enhancement of IL-23R expression was not due specifically to the expansion of the IL-23R + T cells, but to an increase in the number of IL-23R + T cells. Analysis of transcription factors, activation markers, and chemokine receptors by real-time PCR did not find any association of these molecules with encephalitogenicity (Supplemental Figure 2) . Therefore, a microarray analysis of purified myelin-specific CD4 + T cells differentiated with anti-CD3/CD28 in the presence of IL-6 versus IL-6+IL-23 or IL-12 versus IL-12+IL-23 was performed to determine global differences in gene expression in the encephalitogenic T cells (Supplemental Tables 1-4 ). There were 16 genes that were upregulated and 1 gene downregulated common to both populations of encephalitogenic CD4 + T cells (Table 2) . Il22, Enpp2, Lum, and Ccr2 were the most significantly differentially expressed genes using a P < 0.01 and fold change > 2 as the threshold for analysis. Pathway analysis of the common differentially expressed genes in Table 2 did not identify any specific pathway altered by the addition of IL-23, suggesting that IL-23 signaling is likely altering specific molecules in one or more pathways that are required for encephalitogenicity.
IL-6 and IL-12 provided by APC is critical for promoting the encephalitogenicity in naive T cells.
To verify that IL-23R signaling was secondary to the upregulation of IL-23R by IL-6 and IL-12 for generation of encephalitogenic T cells, myelin-specific T cells were activated with anti-CD3/CD28 in the presence or absence of IL-6 or IL-12 only for 48 hours, and IL-23 was added in the cultures only during the 18 hours immediately prior to transfer of the cells into mice. EAE was restored in the T cells differentiated with IL-6 followed by IL-23 and IL-12 followed by IL-23, but not with the cells that only received IL-23 ( Figure 3A ), indicating that IL-23R signaling is not required prior to the upregulation of IL-23R by IL-6 or IL-12. The addition of IL-23 to the cultures had no effect on the proliferation of the cells ( Figure 3B ).
To confirm whether IL-6+IL-23 or IL-12+IL-23 were the minimal essential factors provided by APCs as the critical third signal, as well as to address the contributions of IL-6 and IL-12 to the encephalitogenicity of T cells, we examined the encephalitogenicity of APC/Ag-activated T cells while blocking IL-6 or IL-12 in culture. Splenocytes from MBP-specific TCR Tg mice were activated with MBP Ac1-11 peptide, and IL-6 and/or IL-12 neutralizing Ab were added during the in vitro differentiation. The cells were then adoptively transferred into B10.PL recipients. Blocking IL-6, IL-12, or both IL-6 and IL-12 reduced the incidence and severity of disease compared with APC/Ag ( Figure 3C ). IL-6 was efficiently neutralized ( Figure 3D ). IL-12 was not detectable in all conditions (data not shown), but there was a 2-fold reduction of IFN-γ in the presence of anti-IL-12 ( Figure 3D ), suggesting IL-12 was at least partially blocked. The levels of IL-17 were very low in all conditions, and anti-IL-6 resulted in variable decreases in IL-17 levels ranging from 0%-60% in multiple experiments ( Figure 3D and data not shown). The levels of GM-CSF were very similar in all culture conditions, irrespective of the encephalitogenicity ( Figure 3D) , indicating that the level of GM-CSF was not a specific marker for encephalitogenicity.
IL-23 stimulation results in phosphorylation of STAT4.
It has been shown that STAT3 is activated upon IL-23 stimulation and recognized as essential for IL-17 production (41). IL-23 has been shown to activate STAT4 but to a lesser extent than IL-12 (44, 45) . IL-23-induced IFN-γ production in Th17 precursor cells is STAT4 dependent (46) . Furthermore, STAT4 has been shown to be partially required for the development of IL-23-primed IL-17-producing cells (47) , but the functional role of STAT4 upon IL-23 stimulation is not known. It had previously been shown that IL-12 is not an essential cytokine for the differentiation of encephalitogenic T cells (18, 19) , yet STAT4 -the dominant transcriptional regulator of the IL-12 receptor signaling pathwayis essential (20) , so we investigated whether the essential role for STAT4 lies in the IL-23R signaling pathway. WT lymphocytes were activated with anti-CD3/CD28 in the presence of IL-23, IL-6, and IL-12 or combinations ( Figure 4) . The cells were then washed and rested in fresh medium for 4 hours, allowing the residual signal transduction that was induced by culture condition to partially return to basal levels. Rested cells were Figure 4A ) and IL-12-differentiated ( Figure  4B ) CD4 T cells. This was confirmed by Western blot. ImageJ software was used to quantify band intensities. The ratio of phosphorylation was determined by comparing phosphorylated STAT protein to total STAT protein, and the no-cytokine condition in the PBS-treated group was used as reference for normalization. The comparisons between IL-6 and IL-6+IL-23 conditions were shown in Figure 4D , and comparisons between IL-12 and IL-12+IL-23 conditions were shown in Figure 4E . In the PBS-treated group, high basal levels of Figure 4E ). Phosphorylation of STAT4 was maintained at low levels in the PBS-treated group, except for the IL-12 and IL-12+IL-23 conditions, which had residual STAT4 activation ( Figure 4E, right) . Compared with the PBS group, secondary IL-23 stimulation enhanced STAT4 phosphorylation in the IL-6 condition and dramatically enhanced STAT4 phosphorylation in the IL-6+IL-23 condition ( Figure 4D) . Furthermore, the level of p-STAT4 in IL-6+IL-23 was substantially higher than in the IL-6 condition ( Figure 4D ). These data suggested that IL-23 stimulation triggered phosphorylation of STAT3 and STAT4 in IL-23R-expressing T cells that were activated with IL-6+IL-23 or IL-12+IL-23.
Suppressing STAT4 expression reduces encephalitogenicity of T cells differentiated without IL-12. Although STAT4 plays a major role in IL-12 signaling (48), STAT4-deficient mice are resistant to EAE (20) , but IL-12-deficient mice are not (19, 49) . Why deletion of 2 molecules in the same pathway resulted in opposite outcomes was unknown. The participation of STAT4 in signaling by IL-23 was one possibility. To demonstrate whether STAT4 was critical for IL-23R-associated encephalitogenicity, we compared the capability of inducing EAE between STAT4 knock-down and control T cells. MBP-specific TCR lymphocytes were transfected with STAT4 siRNA (si-STAT4) or non-sense siRNA (si-NS) overnight ( Figure  5A ). The transfected cells were then activated with MBP Ac1-11 peptide plus APCs in the absence of any exogenous cytokine or activation with anti-CD3/CD28 plus IL-6+IL-23. Both of these conditions generated encephalitogenic T cells in the absence of exogenous IL-12. The activated cells were adoptively transferred into B10.PL recipients, and disease course was monitored. Suppressing STAT4 expression by siRNA in T cells significantly ameliorated the disease severity caused by APC/Ag-activated cells (Supplemental Figure 3 ). This was not surprising, given that a previous study had found that adoptive transfer of STAT4-deficient CD4 T cells into T cell-deficient mice failed to induce EAE (20) . The more critical question was whether STAT4 played a critical role in EAE mediated by T cells differentiated with IL-6+IL-23, given that this pathway was thought to be mediated by STAT3 and independent of STAT4. Similarly, mice receiving STAT4-knockdown T cells that were activated with anti-CD3/CD28 plus IL-6+IL-23 developed significantly milder EAE when compared with si-NS control ( Figure 5B ). An independent siRNA was used to confirm that a reduction in STAT4 levels reduces the encephalitogenicity of IL-6+IL-12-differentiated myelin-specific T cells (Supplemental Table 5 ). Knocking-down STAT4 resulted in a modest but significant reduction in proinflammatory cytokines ( Figure 5C ), but antiinflammatory cytokines (IL-10 and TGF-β) were below the level of detection (data not shown). There was no evidence that knockdown of STAT4 affected the activation of the CD4 T cells or skewed the differentiation toward Tregs (Supplemental Figure  4) . Although a better approach may have been to use of STAT4 -/-T cells, this would require an extensive backcrossing of the STAT4 -/-mice with the B10.PL MBP-specific TCR Tg mice. IL-23R transduces signal via p-STAT3/p-STAT4 heterodimers. Both STAT3 and STAT4 are critical for T cell encephalitogenicity (20, 31), but they were previously shown to be involved in distinct Th differentiation pathways. It remains unclear why loss of either STAT3 or STAT4 impairs both Th1-and Th17-mediated pathogenic mechanisms in EAE. One possibility is that STAT3 and STAT4 promote the encephalitogenicity of T cells in a synergistic fashion. Thus, deletion of either molecule results in a complete loss of a critical signal for inducing encephalitogenicity. To examine this possibility, co-IP assays were performed to identify if there is a direct interaction between p-STAT3 and p-STAT4 under IL-23R signaling. Purified CD4 + T cells from naive WT mice were activated with anti-CD3/CD28 in the presence of IL-6+IL-23 or IL-12+IL-23 in an APC-free system. After 3 days in culture, the cells were washed and rested, allowing the residual signaling cascade to partially return to basal levels. CD4 + T cells from naive WT mice served as negative controls. The 3 groups of T cells were stimulated with additional IL-23 for 30 minutes, and nuclear protein were extracted. Magnetic beads and Ab for STAT3 were used to pull down STAT3 protein complexes. We detected p-STAT4 in the inputs of nuclear extracts from IL-6+IL-23 and IL-12+IL-23 conditions but not in the control cells ( Figure 5D ). This confirmed our previous observation that IL-23 induced STAT4 phosphorylation in IL-23R-expressing T cells (Figure 4 + T cells from naive mice served as a negative control. The 3 groups of cells were washed and rested in fresh medium for 4 hours, and then IL-23 or PBS were added as secondary stimulations for 30 minutes. Nuclear protein was extracted for use in a co-IP assay performed with Ab for total STAT3 or IgG control. Precipitated protein complexes and inputs were electrophoresed with SDS-PAGE. p-STAT4, p-STAT3, and total STAT3 were analyzed sequentially by Western blot, and images shown are from the same blot. (E) Splenocytes from naive Vα2.3/Vβ8.2 TCR Tg mice were activated with MBP Ac1-11 with and without IL-23 for 64 hours, and then CD4 + T cells were purified. Nonactivated T cells were the negative control. Nuclear protein was extracted for use in a co-IP assay performed with Ab for total STAT3 and an isotype control. Precipitated protein complexes and inputs were electrophoresed with SDS-PAGE. p-STAT4 (top) and p-STAT3 (bottom) were detected by Western blot.
seconds, while p-STAT4 was not detectable until 120 seconds in the IL-6+IL-23 STAT3 pull-down, which is logical given that IL-12 signals via p-STAT4 ( Figure 5D ). The same blot was probed with anti-p-STAT3 and anti-STAT3 to confirm the level of STAT3 pull-down in the samples. p-STAT3 and STAT3 were higher in the IL-6+IL-23-differentiated cell input, which is logical since both IL-6 and IL-23 are known to signal via p-STAT3. The amount of p-STAT3 and STAT3 were similar in the STAT3 pull-down in both IL-6+IL-23-and IL-12+IL-23-differentiated cells, but p-STAT3 and STAT3 were absent from the naive CD4 T cells treated with only IL-23. These data demonstrated the presence of STAT3/STAT4 heterodimers translocated into the nuclei of both IL-6+IL-23-and IL-12+IL23-differentiated cells.
To confirm that the STAT3/STAT4 heterodimers form in Ag/APC-differentiated T cells, myelin-specific splenocytes from naive mice were not activated (negative control) or were activated with MBP Ac1-11 in the presence or absence of exogenous IL-23. After 3 days in culture, CD4 T cells were purified and then stimulated with additional IL-23 for 30 minutes. Nuclear extracts were prepared, and Ab for STAT3 were used to pull down STAT3 protein complexes. The levels of p-STAT4 ( Figure 5E , top) and p-STAT3 ( Figure 5E , bottom) were determined in the inputs of the nuclear extracts, as well as in pull-down proteins from immunoprecipitation with an irrelevant IgG and STAT3 antibody. Both the input and pull down from Ag/APC-activated cells were positive for p-STAT4, while the control IgG was negative. Addition of exogenous IL-23 had only a modest increase on STAT3/STAT4 heterodimers, suggesting that the APCs provided sufficient signals to induce these heterodimers. Since loss of either STAT3 or STAT4 inhibits the differentiation of encephalitogenic T cells, these data support the hypothesis that p-STAT3/p-STAT4 heterodimers may be a key transcriptional regulator mediated by IL-23R signaling that induces genes essential for encephalitogenicity, but this will require extensive investigation to be confirmed. Figure 6B ). Interestingly, only CCR7 and CD27 gene expression pattern was associated (in an inverse manner) with the expression of IL23R.
IL-23R is induced by IL-6 and IL-12 on naive human CD4 + T cells. To determine if IL-6 and IL-12 both induce IL-23R expression on naive human CD4 + T cells, naive T cells were isolated from peripheral blood mononuclear cells (PBMC) and stimulated with anti-CD3/CD28-coated beads in the presence
To evaluate the sensitivity of IL-6+IL-23-and IL-12+IL-23-differentiated human CD4 + T cells to IL-23, activated human T cells were rested and restimulated with PBS or IL-23. As seen in Figure 6C , IL-23 enhanced p-STAT3 levels and the percentage of p-STAT3/p-STAT4 double-positive T cells in both conditions. Consistent with the IL23R mRNA levels, the IL-12+IL-23-differentiated T cells were more sensitive to IL-23 than the IL-6+IL-23-differentiated T cells, consistent with the higher expression of IL23R induced with IL-12 in human CD4 + T cells. To determine whether the IL-23R signaling may result in STAT3/STAT4 heterodimers as observed in murine T cells, naive human CD4 + T cells were differentiated with IL-6 or IL-12 initially, followed by a secondary stimulation with IL-23. STAT3/STAT4 heterodimers were detected in the both IL-6 and IL-12 differentiated CD4 + T cells, but they were not in naive CD4 + T cells or when a control IgG was used in the co-IP ( Figure 6D ). Together, these data indicate that both IL-6 and IL-12 can induce IL-23R expression on naive human CD4 + T cells and that IL-12 may play a larger role in IL-23R expression in human cells than IL-6. In addition, the IL-23R signaling induces both p-STAT3 and p-STAT4, which can form heterodimers, consistent with the observation that these heterodimers are present in encephalitogenic murine CD4 + T cells. 
Memory CD4 + T cells from MS patients are hyperresponsive to IL-23. Due to the essential role of IL-23 in determining the encephalitogenicity of T cells, we further investigated whether memory T cells from MS
p-STAT4 in memory CD4
+ T cells were detected by gating on memory CD3 + CD8 -CD45RA -T cells (Figure 7A ). In the group that had a secondary stimulation with PBS, memory T cells from both MS patients and healthy individuals had minimal p-STAT4 single-positive populations and p-STAT3/p-STAT4 double-positive populations. There were higher p-STAT3 single-positive populations in the cells from MS patients than healthy individuals, but this was not statistically significant ( Figure 7B + T cell population ( Figure 7A ) compared with the primary activation of naive CD4 + T cells ( Figure 6C ), which may be due to the fact that IL-23R expression is already present on the memory T cells and must be induced in the naive T cells.
To verify whether the hypersensitivity to IL-23 was due to a higher expression level of the receptor on memory T cells in MS patients, analysis of IL-23R levels was performed. Since we could not confirm the specificity of human IL-23R antibodies for flow cytometry, real-time PCR of IL23R expression from purified memory CD4 T cells was utilized. Purified memory CD4 + T cells from healthy individuals and MS patient PBMCs were stimulated with PMA/ionomycin, and the level of IL23R mRNA was measured. PMA/ionomycin was used to briefly activate the memory T cells such that genes for which the memory cells were programmed to express could be detected without significantly altering gene expression due to prolonged TCR activation. The expression of IL23R had a trend to be higher in MS patients than healthy individuals but was not statistically significant (P = 0.0678) ( Figure 7C ). Correlation analysis showed a significant positive correlation between the level of IL-23R and the percentage of p-STAT3 single-positive cells ( Figure 7D) . A trend toward positive correlation between IL-23R expression and the percentage of p-STAT3/p-STAT4 double-positive cells was also observed, although it was not statistically significant. These data may partially explain the hypersensitivity to IL-23 in memory T cell from MS patients.
Discussion
During CD4 + T cell differentiation, APCs secrete a spectrum of cytokines in the microenvironment, and the ratio among specific cytokines defines the phenotype of effector T cells. Identification of cytokines important for disease has largely been done by genetic deletion. However, these studies give limited information on the biological function of cytokines under normal conditions and typically allow studying only 1 cytokine at a time. In this study, we identified the cytokines critical for inducing the encephalitogenicity of CD4 + T cells by using an in vitro strategy, which was designed to recapitulate the essential signals from APCs. While no single cytokine was sufficient, the combinations of IL-6+IL-23 or IL-12+IL-23 successfully restored the capability of T cells that were activated with anti-CD3/CD28 to transfer EAE. Neutralizing IL-6 or IL-12 in Ag-driven differentiation significantly reduced the disease severity of mice receiving those T cells, indicating that both cytokines comprised the critical signals for encephalitogenicity provided by APCs. IL-6+IL-23 and IL-12+IL-23 promoted the encephalitogenicity by inducing high levels of IL-23R expression on T cells. Given the fact that IL-23-and IL-23R-deficient mice are completely resistant to EAE (21, 51), IL-23 signaling appears to be an essential factor of EAE, regardless of whether it is mediated by Th1 or Th17 cells. Though the effect IL-23 has on Th1 cells has been underappreciated since the discovery of Th17 cells, it had previously been shown that IL-23R was expressed on activated T cells with a Th1 phenotype (45) and that IL-23 enhanced IFN-γ production (44) . In addition, it was previously shown that myelin-reactive T cells stimulated with IL-23 produced both IFN-γ and IL-17 and induced EAE in an IFN-γ-dependent, IL-17-independent manner (52). These reports are consistent with our finding that IL-12 induces IL-23R expression on Th1 cells. It has been reported that IL-6 signaling through STAT3 upregulates the expression of IL-23R (41, 42), but the mechanism by which IL-12 induces IL-23R expression needs to be further investigated. We have previously shown that T-bet binds the IL-23 receptor promoter and positively regulates the expression of the Il23r gene (53) . Thus, IL-12 may indirectly enhance IL-23R expression via the IFN-γ/T-bet pathway. Naive myelin-specific CD4 T cells differentiated with anti-CD3/28+IL-12 and, to a lesser extent, anti-CD3/28+IL-6 had some capacity to induce disease. This is probably due to the fact that IL-12 and IL-6 induced IL-23R expression on the cells and, once the cells were transferred into mice, the myelin-specific T cells may have access to IL-23 in vivo, allowing some cells to fully differentiate into encephalitogenic T cells. It is also interesting that GM-CSF was expressed in the myelin-specific T cells that were both highly encephalitogenic and nonencephalitogenic, suggesting that, although GM-CSF expression by T cells is necessary to be encephalitogenic (36) (37) (38) (39) , it is not sufficient. Furthermore, the data indicate that IL-23 is inducing a signaling pathway distinct from GM-CSF that is also necessary for the generation of encephalitogenic T cells.
Although the concentrations of the cytokines used in this study are at lower concentrations than typically used in in vitro assays, they still may be excessive compared with the in vivo microenvironment in which naive CD4 + T cells are typically differentiated. Thus, cytokine titration may be useful in fully determining the relevance of IL-6, IL-12, and IL-23 in determining encephalitogenicity. Although the present study enhances our understanding of the generation of encephalitogenic T cells, it is still unknown what makes a T cell encephalitogenic. The use of microarray has identified molecules that may be critical, and analysis of these molecules individually and in combination should further our understanding of these molecules and pathways essential for rendering a CD4 + T cell encephalitogenic. Another avenue that may be insightful is the study of the differences in what happens to the myelin-specific T cells generated with the different cytokines after they have been transferred into mice. This will help us understand whether the less encephalitogenic T cells are defective in proliferation, trafficking, cell recruitment, and other Th functions. If T cells fail to traffic to the CNS, this may indicate that IL-23R signaling is critical to the upregulation of adhesion molecules or chemokines necessary for migration across the blood brain barrier. If T cells migrate to the CNS but fail to cause disease, this may indicate that IL-23R signaling is critical to effector T cell function, such as the production of inflammatory mediators that affect microglia and macrophage functions. An ex vivo microarray analysis of the transferred nonencephalitogenic T cells may also be useful for determining the pathways induced by IL-23R signaling.
IL-23 signaling through STAT3 enhances Th17 cell differentiation. STAT3 binds to several Th17-associated genes, including Il17, Il21, Il23r, and Rorc locus (54, 55) . Studies using Tg mice deficient in IL-23, IL-23R, or STAT3 in T cells suggest that IL-23 signaling is associated with an essential role in the development of EAE beyond simply promoting IL-17 production (21, 25, 26, 31, 51) . IL-12 signaling through STAT4 determines Th1 differentiation (48) . Mice deficient in IL-12 are susceptible to EAE because Th17 cells can drive atypical disease in the absence of Th1-mediated immunity (18, 19) . Loss of STAT4 results in resistance to EAE (20) ; thus, the essential role of STAT4 seems to be independent of IL-12 signaling in regulating autoimmunity. It has previously been shown, and we confirmed in this study, that IL-23 activates both STAT3 and STAT4 (44, 45, 56, 57) . Compared with the cells from healthy individuals, memory T cells from MS patients tended to have a higher sensitivity to IL-23, resulting in the phosphorylation of STAT3 and STAT4. This analysis was performed on total memory CD4 T cells, not myelin-specific T cells, suggesting that MS patients may inherently be more responsive to IL-23, which suggests that IL-23R may be a susceptibility factor. IL-23R polymorphism is associated with multiple autoimmune diseases (58) (59) (60) , but it has not yet shown a significant correlation with MS risk. An alternative hypothesis is that the inflammatory process in MS may enhance IL-23R sensitivity and perhaps contribute to exacerbation rates or disease progression.
It needs to be further investigated whether T cell encephalitogenicity is associated with IL-23R downstream of STAT3/STAT4 activity. Our findings provide a mechanism linking the observations of complete resistance in EAE in STAT3-or STAT4-deficient models. It has yet to be determined if the heterodimer directly regulates pathogenic genes that result in encephalitogenicity mediated by IL-23 or if both are necessary independently. ChIP of the DNA bound by p-STAT3/p-STAT4 heterodimers compared with p-STAT3 and p-STAT4 only, and identification of the genes regulated by p-STAT3/p-STAT4 heterodimers, may identify a unique phenotype of encephalitogenic T cells.
In this study, we identified that TCR, CD28 signaling, and the combinations of IL-6+IL-23 or IL-12+IL-23 are the minimal signals required from APCs to generate encephalitogenic T cells. As shown in the proposed model (Figure 8 ), naive T cells do not respond to IL-23 due to a lack of receptor expression. (61), and clinical trials found that administration of IFN-γ to MS patients exacerbated disease, while administration of anti-IFN-γ slowed disease progression (62, 63) . In addition, a more thorough analysis of additional cytokines that may induce IL-23R expression on human CD4 T cells is needed, since the cytokine conditions that induce Th17 cells in humans may be different. A comprehensive analysis of the genes induced by p-STAT3 and p-STAT4, independently and as heterodimers, should shed light on the critical role of IL-23R signaling in the generation of encephalitogenic T cells and potentially identify novel therapeutic targets.
Methods
Animals and adoptive transfer of EAE. MBP Ac1-11-specific Vα2.3/Vβ8.2 TCR Tg B10.PL mice have been previously described (64) . B10.PL mice were purchased from The Jackson Laboratory. All mice were bred and maintained in a specific pathogen-free animal facility at The Ohio State University.
Activated T cells, as described below, were collected and washed twice with PBS. The cell suspension was injected i.p. into 6-to 12-week-old B10.PL mice at 200 μl per mouse. The number of cells transferred in each experiment is stated in the figure legends. EAE disease course was scored on a scale of 0-6: 0, no clinical disease; 1, limp tail; 2, moderate hind limb weakness; 3, severe hind limb weakness; 4, complete hind limb paralysis; 5, quadriplegia or premoribund state; and 6, death due to EAE.
Splenocyte preparations. Spleens from 6-to 10-week-old mice were crushed in a PBS-filled Petri dish between the frosted edges of 2 standard microscope slides. Splenocyte suspension was passed through a 70-μm cell strainer and centrifuged at 300 g for 8 minutes at 4°C, followed by hypertonic rbc lysis. Splenocytes were cultured in medium, consisting of RPMI 1640 (Corning) supplemented with 10% heat-inactivated FBS (Gibco), 1.25% HEPES (Corning), 1% nonessential amino acids (Corning), 1% L-glutamine (Sigma-Aldrich), 1% penicillin/streptomycin (Pen/Strep; Sigma-Aldrich), 1% sodium pyruvate (Corning), and 28.6μM 2-ME (Sigma-Aldrich).
In vitro murine CD4 + T cell culture. Splenocytes from 6-to 10-week-old Vα2.3/Vβ8.2 TCR Tg mice were used as a source of MBP-specific CD4 + T cells. To generate APC/Ag-activated T cells, TCR Tg splenocytes were cultured in 24-well plates at 2 × 10 6 cells/well with 6 × 10 6 cells/well of irradiated B10.PL splenocytes and activated with 10 μg/ml of MBP Ac1-11 peptide (CS Bio) for 3 days. To generate anti-CD3/CD28-activated T cells, 24-well plates were precoated with 1 μg/ml of anti-CD3 and anti-CD28 (145-2C11 and 37.51, BD Pharmingen). TCR Tg splenocytes were incubated in T75 flasks for at least 2 hours to deplete adherent cells and then were plated into anti-CD3/CD28-coated plates at 1 × + T Cell Isolation Kit II (Miltenyi Biotec) according to the manufacturer's protocol. Samples with purity ≥ 95% were used in this study. Purified naive T cells were cultured in anti-CD3/CD28-coated 24-well plates at 0.5 × 10 6 cells/well with 3.5 × 10 6 cells/well of adherent cell-depleted feeder cells for 60 hours. Various cytokines were added into the culture as described as following: IL-23 (5 ng/ml); IL-12 (0.5 ng/ml); IL-6 (20 ng/ml); IL-1β (10 ng/ml); hTGF-β1 (1 ng/ml); IFN-γ (5 ng/ml); IL-18 (5 ng/ml); and IL-27 (5 ng/ml). All cytokines except IL-6 were obtained from R&D Systems. IL-6 was obtained from Miltenyi Biotec.
For the experiment neutralizing IL-6 or IL-12, 4 μg/ml of anti-IL-6 (MP5-20F3, BD Pharmingen) or 1 μg/ml of anti-IL-12 (polyclonal goat IgG, R&D Systems) were added, along with 10 μg/ml of MBP Ac1-11 peptide (CS Bio) into the culture.
Transfection with siRNA in vitro. si-NS was purchased from Dharmacon. STAT4 siRNA (si-STAT4) was purchased from Santa Cruz Biotechnology Inc. (Figure 5) , and an independent STAT4 siRNA and control siRNA was purchase from Dharmacon (Supplemental Table 5 ). Adherent cell-depleted TCR Tg splenocytes were plated in 6-well plates (8 × 10 6 cells/well). Transfection medium contained 250 μl serum-free RPMI1640, 5 μl transIT-TKO reagent (Mirus), and 200 μM siRNA and was added to each well for 18 hours. Cells were washed with PBS and stimulated with MBP Ac1-11 or plate-bound anti-CD3/CD28 plus IL-6+IL-23. The transfection efficiency was > 50%, and knock-down efficiency was determined by Western blotting.
Human subjects and sample processing. For the experiments using naive human CD4 + T cells, fresh blood of healthy donors (n = 6) was obtained from American Red Cross. Exact information on these donors is not known, but they were "healthy," as defined by the American Red Cross and age 18-50 years. For experiments using memory human CD4 + T cells, blood was obtained by leukapheresis from healthy adult individuals (5 female and 3 males, age range 22-52 years) or MS patients (10 female and 6 males, age range 33-54 years; 6 relapsing-remitting MS, 5 secondary progressive MS, and 5 primary progressive MS) after informed consent. Patients were in clinical remission and had not undergone immunomodulatory treatments. PBMCs were isolated from blood over a Ficoll gradient (GE Healthcare). For cryopreservation, PBMCs were suspended in freezing medium, containing 50% RPMI 1640, 40% heat-inactivated human serum, and 10% DMSO and stored in liquid nitrogen.
In vitro human CD4 + T cell culture. Fresh PBMCs were isolated from blood of healthy donors obtained from American Red Cross (age 18-50 years, both male and female). CD4 + CD45RA + T cells were purified using Naive CD4 + T cell Isolation Kit II (Miltenyi Biotec). Samples with purity ≥ 95% were used in this study. Naive T cells were plated at 1 × 10 6 cells/well in 24-well plates and activated 25 μl of Dynabeads Human T-activator CD3/CD28 (Life Technologies) in the presence of human IL-12 (IL-12; 5 ng/ml), hIL-6 (20 ng/ml), and/or hIL-23 (5 ng/ml) (R&D Systems). The media consisted of RPMI 1640 with 5% heat-inactivated human serum AB plasma (Sigma-Aldrich), 1% HEPES, 1% L-glutamine, and 1% Pen/Strep. + samples were used in this study. Memory T cells were plated at 1 × 10 6 to4 × 10 6 cells/well in 24-well plates and stimulated for 4 hours with 50 ng/ml of PMA and 1 μg/ml of ionomycin.
Flow cytometric analysis. Cells were collected, washed, and resuspended in FACS buffer (1% BSA in PBS) and incubated with Fc blocker (93, BioLegend) for 10 minutes at 4°C. Cells were stained for cell-surface markers for 30 minutes at 4°C. After washing twice with FACS buffer, cells were fixed and permeabilized using Cytofix/Cytoperm solution (BD Biosciences) for 20 minutes at 4°C. Cells were washed twice using Perm/Wash solution (BD Biosciences) and stained for intracellular cytokines with Ab diluted in Perm/Wash solution for 30 minutes at 4°C. Cells were washed twice prior to flow cytometric analysis. Pacific Blue anti-CD4 (RM4-5), FITC anti-CD44 (IM7), APC anti-IFN-γ (XMG1.2), and PE anti-IL-17A (TC-1118H10) were obtained from BD Pharmingen. APC anti-IL-23R (FAB1686A) was obtained from R&D systems.
To detect p-STAT3 and p-STAT4 by flow cytometry, cells from healthy individuals and MS patients (or mouse CD4 T cells) were stimulated with IL-23 or PBS. After 20-30 minutes of stimulation, cells were collected and fixed using Lyse/Fix buffer (BD Phosflow) for 12 minutes at 37°C. The cells were washed with staining buffer (2% FBS in PBS) and then permeabilized using ice-cold Perm buffer III (BD Phosflow) for 30 minutes at 4°C. After washing twice with staining buffer, cells were stained for surface markers and p-STAT protein with Ab diluted in staining buffer for 1 hour at room temperature. Cells were washed twice prior to flow cytometric analysis. The CD4 marker on human T cells was downregulated due to activation; therefore, memory CD4 + T cells were gated on the CD3 + CD8 -CD45RA -population. FITC anti-CD8 (HIT8a, BD Pharmingen), PE-Cy7 anti-CD45RA (HI100, BioLegend), V450 anti-CD3 (UCHT1, BD Horizon), PE anti-p-STAT4 (38/p-Stat4, BD Phosflow), and AF647 anti-p-STAT3 (4/P-STAT3, BD Phosflow) were used for staining. Approximately 100,000 cell events were acquired on a FACSCanto II (BD Biosciences) and analyzed using FlowJo software version 10.1 (Tree Star Inc.).
ELISA. Supernatants from each cultured condition were collected and analyzed for cytokine production. Sandwich ELISA was performed using purified capture Ab and biotinylated detection Ab to measure IFN-γ (capture: R46A2; detection: XMG1.2, BD Pharmingen), IL-6 (capture: MP5-20F3; detection: MP5-32C11, BD Pharmingen), GM-CSF (capture: MP122E9; detection: polyclonal goat IgG, R&D Systems), and IL-17A (capture: eBio17CK15A5; detection: eBio17B7, eBioscience). Avidin-peroxidase was used to label detection Ab, and TMB Chromogen Solution (Life Technologies) was used as the substrate. The reaction was stopped by adding 2N H 2 SO 4 , and OD 450nm was measured on a plate reader (Molecular Devices). Cytokine concentrations were calculated by generating a standard curve using recombinant proteins (R&D Systems) and analyzed using SoftMax Pro Software version 5.4.5.
Western blot. Whole cell lysate was extracted using M-PER Mammalian Protein Extraction Reagent (Thermo Fisher Scientific) with freshly added proteinase inhibitor cocktail and phosphatase inhibitor cocktail 2 and 3 (Sigma-Aldrich). Samples were prepared by mixing extracted protein with Laemmli sample buffer (Bio-Rad) and heated at 95°C for 5 minutes. Samples were electrophoretically separated on 7.5 % Criterion TGX gel (Bio-Rad), transferred to PVDF membranes (Amershan), and then probed with the primary Ab of interest. Detection was performed using mouse or rabbit HRP-conjugated secondary Ab (Amershan; Cell Signaling Technology) and followed by developing with SuperSignal West Femto or Pico Substrate (Thermo Fisher Scientific). Films were digitally scanned for protein quantification using the NIH ImageJ software. Ratio of phosphorylation was calculated by comparing the band intensities of p-STAT protein to total STAT protein. STAT3 (124H6), p-STAT3 (M9C6), and α-tubulin (DM1A) Ab were purchased from Cell Signaling Technology. STAT4 Ab (C-20) was purchased from Santa Cruz Biotechnology Inc. p-STAT4 Ab (38/p-Stat4) was purchased from BD Biosciences. β-Actin Ab (AC-74) was purchased from Sigma-Aldrich.
Co-IP. Purified naive murine or human CD4 + T cells were activated with Ag/APC or anti-CD3/28. Nuclear protein was extracted with Pierce NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific) according to the manufacturer's protocol and was used for co-IP using the same number of cells. STAT3 Ab (124H6, Cell Signaling Technology) was added into each sample at a ratio of 1:200 and incubated at 4°C overnight. Protein G Dynabeads (Life Technologies) were incubated with immunocomplex solutions for 30 minutes at 4°C. The beads were pelleted in a magnetic separation rack and washed 5 times with cold PBS. Beads were resuspended in Laemmli sample buffer and heated at 95°C for 5 minutes. The level of p-STAT4 in pull-down immnunocomplexes was determined by Western blot. The blots were also probed for p-STAT3 (D3A7, Cell Signaling Technology) and STAT3 (124H6, Cell Signaling Technology).
RNA extraction and real-time PCR. RNA was isolated with TRIzol Reagent (Ambion), and cDNA was generated with 1 μg of RNA/reaction using SuperScript III Reverse Transcriptase (Invitrogen) according to the manufacturer's protocol. RT-PCR was performed using Taqman Microarray analysis. Splenocytes from naive myelin-specific TCR Tg mice were activated with anti-CD3/ CD28 in the presence of singular or combinations of IL-23, IL-6, and IL-12. At 48 hours after activation, CD4 + T cells were purified using MACS separators with the mouse CD4 + T cell Isolation Kit (Miltenyi Biotec), according to the manufacturer's protocol. Purified CD4 + T cells were lysed in TRIzol Reagent,
